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Measuring Signatures of Fuel Irradiation in Large Particle Samples

Susan K. Hanson,* Anthony D. Pollington®

Understanding the operating history of a nuclear facility is one of the key goals in nuclear safeguards, enabling the verification of declared

activities. This is accomplished via a number of mechanisms, including the analysis of samples collected at the facility. The best metrics for

understanding and verifying the history of nuclear fuel are (1) actinide isotopic content and (2) actinide inter-element ratios. While

techniques have long existed for measuring these values with high accuracy and precision in bulk samples, as samples become smaller —

such as may be collected in environmental collection — new methods are required both for clean processing of pure samples, and for

analysis of these small samples. This study describes a new extraction chromatography technique for recoving U, Pu, and Am from single

small aliquots, and advanced mass spectrometry methods for high-precision and high-accuracy analysis of trace and ultra-trace levels of

actinides. These techniques are applied to particle samples cut from fuel from a historic nuclear reactor. Ages calculated from Pu-Am

chronometry of particles are in excellent agreement with the known operating history of the reactor.

Introduction

A principal goal of nuclear safeguards is to collect samples from
nuclear facilities, and through the analysis of these samples,
confirm that a declared history of facility operation is accurate.l
& For nuclear reactors, measurements of actinide elements in
the nuclear fuel can provide information about the irradiation
history.”-® The concentrations of minor isotopes of uranium and
plutonium, as well as the concentrations of other actinides,
such as 236U, 240py, 241py, 242py, Np, and Am, increases as the
fuel is irradiated.® Actinide inter-element ratios, such as the
absolute ratio of uranium to plutonium in the nuclear fuel, can
provide additional information about the final fuel composition
after irradiation.10

The isotopic composition of nuclear fuel can change
dramatically within different locations in the reactor. For many
reactors, the degree of fuel burnup is known to vary along the
axis of a fuel rod.1'13 |n addition, radial effects have been
documented, where the degree of burnup increases sharply
near the outside edge of a fuel pellet.1*18 The radial effect is
likely due to more effective neutron moderation in the small
(100s of microns) local region near the fuel pellet edge.’®2° In
order to understand this type of spatial effect in the reactor
fuel, it is necessary to analyze small samples to provide
adequate spatial resolution.

To this end, single particle analysis is an important tool for
nuclear safeguards. Highly effective techniques for the in situ
isotopic analysis of single particles have been developed,
including secondary ionization mass spectrometry (SIMS), and
laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS).21-24 Another effective method involves analyzing
single particles by thermal ionization mass spectrometry (TIMS).
In this technique, a particle is placed on the filament and
analyzed as an individual sample, producing accurate uranium
or plutonium isotopic ratios.?>-28

However, extracting actinide inter-element ratios from particle
samples is a major challenge, and bulk isotopic analysis
techniques can provide this additional information.?? Isotope
dilution mass spectrometry (IDMS) involves addition of an

Nuclear and Radiochemistry Group, Los Alamos National Laboratory, Los Alamos,
New Mexico, USA

* skhanson@Ianl.gov

1 pollington@lanl.gov

isotopic tracer to the sample, followed by equilibration and
chemical purification, and finally measurement by mass
spectrometry.?®3° Through isotope dilution, the different
actinide constituents can be accurately quantified, allowing for
highly accurate actinide inter-element ratios to be determined.
The chemical purification of the sample ensures a high-quality
result by removing interferences, like the polyatomic ion 238UH*
on 23°Pu. In addition, chemical purification allows for separation
of two different elements with very similar masses, such as
241py and 2*'Am, which cannot be resolved by current mass
spectrometers. When both 2*1Pu and ?**Am can be measured,
information about the sample age and/or last chemical
processing can be inferred through 2**Pu-2*1Am chronometry.3%
32

This paper describes the development and application of
optimized chemical purification and IDMS analysis methods for
the analysis of single particles of nuclear fuel. The use of isotope
dilution methods to analyze single particles is challenging due
to the small quantities of the elements of interest, but provides
substantial benefits in terms of accurate inter-element actinide
ratios.?3 33-35 puyrification of the samples chemically separates
the elements of interest and provides resolution against
isobars, allowing for separation and quantification of 24'Pu and
241Am, as well as 238Pu and 238U.3% These new techniques allow
for the accurate measurement of U, Pu, and Am intra- and inter-
element ratios in particle samples, and enable a clearer picture
of fuel irradiation characteristics determined from the analysis
of large nuclear fuel particles. The focus of this study is on the
application of advanced chemical separations and high-
precision isotopic analyses for the purpose of determining the
operating conditions of nuclear reactors. However, the
techniques developed here may also be applicable to studies of
actinides in the environment, particularly where associated
with colloids or particles and where accurate inter-element
ratios provide a new facet of information.37-4%

Experimental
Belgian BR3 Fuel Samples

Samples from a spent fuel rod (I-334) from the Belgian (BR3)
Pressurized Water Reactor (PWR) were prepared at the Hot Fuel
Examination Facility (HFEF) at Idaho National Laboratory (INL).
At INL, discs were cut from the BR3 fuel inside hot cells and then
a central strip was cut from each disc. These strips were then
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cast in epoxy mounts and removed from the HFEF to a dual
focused ion beam/ scanning electron microscope (FIB/SEM) .42
43 Using the FIB, particles were cut from different axial locations
along the length of the fuel rod. At each axial location, several
different radial locations were sampled. Sample IDs and
locations in the fuel rod are provided in Table 1. The particles
were cubes of dimensions 10 x 10 x 10 um or 20 x 20 x 20 um.

Table 1 - Samples of Nuclear Fuel Obtained from INL

Samples were traced with 233U, 242Pu or 2#*Pu, and 2*3Am and
evaporated to dryness. The samples were purified using a
sequential procedure for the separation of uranium, plutonium,
and americium (Table 2). Several blank samples were prepared
for analysis in parallel with the samples, including a dissolution
blank, rinses of the vials that contained the original FIB samples,
as well as several process blanks. The sequential purification
was performed by extraction chromatography using a modified
version of a previously published procedure.3* The extraction
chromatography column consisted of 0.5 ml of Eichrom UTEVA

Axial resin (100-150 um) loaded into a 2 ml Biorad Biospin column.
distance Radial Full column details are provided in Table 2. The resin was
Sample Axial from top of location cleaned by washing with 1 M HCI, and then conditioned with 3
dimensions sampling fuel rod (um from M HNO;, followed by 7.2 M HNO3-0.3% H,0,. The sample was
Sample ID (nm) position (m) edge) dissolved in 7.2 M HNO;-0.3% H,0, and loaded onto the
1-Al 10x10x10 1 0.05 200 column, with immediate collection of the Am fraction. The
1-A2 10x10x 10 1 0.05 200 column was washed with additional 7.2 M HNOs-0.3% H,0,,
1-8 10x10x 10 1 0.05 400 which was also collected as the Am fraction. The column was
1-c1 10x 10x 10 ! 0.05 3000 washed with 9 M HCl, followed by 5 M HCI-0.05 M oxalic acid,
1-C2 10x10x10 ! 0.05 3000 with collection of the Pu fraction during both steps. The
13 20x 20 20 ! 0.05 3000 uranium was eluted with 1 M HCI. The uranium fraction was
1;: ig:igiig i g:(z)z 30500 evaporated to dryness, dissolved in 2% HNOs3, and analyzed by
multicollector (MC)-ICP-MS. Plutonium and americium fractions
2-B 10x 10 x 10 2 0.22 40 o ) .
e 10x10x10 5 022 1781 were further purified using established procedures,***> and the
A 10x10x 10 3 051 36 final purified fractions analyzed by MC-ICP-MS and alpha
3-8 10x10x 10 3 0.51 101 spectrometry.
3-C 10x 10x 10 3 0.51 3755
4-Al 10x10x 10 4 0.98 190 Table 2 - Details of Small-Scale Sequential Separation of U, Pu, Am
4-A2 10x 10x 10 4 0.98 190
4-B 10x10x 10 4 0.98 900 Step Volume Details
4-C1 10x10x 10 4 0.98 3003 Eichrom UTEVA
) 0.5ml 100-150 um
4-C2 20x 20 x 20 4 0.98 3173 Resin
4-C3 20x20x 20 4 0.98 3173 Clean resin 3x2ml1MHC
Condition resin 2 ml 3 M HNO;
Chemical Purification Methods Condition resin 1 ml 7.2 M HNO;-0.3% H,0,
. . i i i Dissolve sample and 0.5 ml 7.2 M HNO5-0.3%
All chemical purifications were carried out in Savillex PFA load H,0, Elute Am
labware that was cleaned with dilute (1 M) HNO3 and rinsed 0.5 ml 7.2 M HNO,-0.3%
three times with ultrapure 18.2 micro-ohm deionized water. All Wash H,0, Elute Am
acids were Optima Grade purchased from Fisher Scientific, Wash 2 ml 7.2 M HNO4-0.3% H,0, Elute Am
diluted as necessary with ultrapure deionized water, and stored Wash 1ml 9 M HCl Elute Pu
in Nalgene Teflon bottles. All chemical processing was carried 2x2ml5MHC-0.5 M
out in a chemical fume hood in a laboratory controlled for Wash oxalic acid Elute Pu
radioactive materials. Final wash 2x2ml1MHCl Elute U

Each FIB sample was received mounted to a copper comb on an
SEM stub enclosed in a vial (see Supporting Information). In the
chemical fume hood, the SEM mount was removed from the vial
and the copper comb with the FIB sample affixed was dissolved
by submerging in 4 ml 8 M HNOs in a 15 ml Savillex PFA vial.
One drop of concentrated HF was added, and the vial was
heated to dryness at 140 °C overnight. The resulting residue was
redissolved in 5 ml 3 M HNOs, forming a clear solution with no
visible solid. A small fraction (ca. 1%) of this solution containing
the dissolved sample was diluted by a factor of 40 with 2% v/v
HNO; to estimate the actinide content using a Thermo X-Series
quadrupole ICP-MS. Estimates of the total actinide
concentrations obtained from the sample screening were used
to determine appropriate tracer levels for the isotope dilution
analysis.

Mass Spectrometry Methods

After purification and resuspension, samples were analyzed
using a Thermo Neptune Plus MC-ICP-MS. Isotopes were
collected in static mode for each element with the full mass
range of interest collected simultaneously, with the exception
of samples traced with 244Pu, which were collected using a peak-
hopping analyses method due to the lack of certified Pu
standards containing 2**Pu for the bias correction calculations.
Samples were analyzed using an enhanced ionization setup
consisting of a Cetac Aridus Il desolvating nebulizer with jet-
sampler and x-skimmer cones following a previously published
procedure.*¢
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Alpha Spectrometry Methods

Americium samples were traced with 243Am, purified as
described above, and final purified samples were electroplated
onto stainless steel disks and measured by alpha spectrometry.
Alpha spectra were recorded using an Ortec Ensemble 8-
channel alpha spectrometer equipped with a 19 keV FWHM 300
mm? Si-detector. The 24'Am content of the sample was
quantified from the original tracer activity and the measured
241Am/243Am activity ratio in the alpha spectrum.

Results and discussion
Chemical purification details

One of the principal goals of this study was to develop isotope
dilution methods for the analysis of large particles of nuclear
fuel. Isotope dilution is considered a primary measurement
method by international metrological groups, and provides
highly accurate isotopic and inter-elemental ratios.*” However,
isotope dilution mass spectrometry analysis of actinides
typically employs chemical purification of the elements of
interest to eliminate potential interferences from both isobaric
elements (e.g. *!Am interference on 2*'Pu) and polyatomic
species (e.g. 238UH* interference on 23°Pu). A major challenge in
the chemical purification of very small actinide samples is the
potential introduction of background during the purification
process.33 48 This impact can be quantified by running the
purification process with no added analyte (the process blank).
For this work, a scaled-down purification method was
developed that minimizes the introduction of uranium into the
sample. A typical process blank for the procedure was on the
order of ~1 pg 238U, as compared to 10-50 pg for more standard
procedures in our laboratory. The procedure uses extraction
chromatography to separate U, Pu, and Am from a single
fraction, conserving sample and maximizing detection limits for
low-level samples. The Pu and Am fractions from the first
column were further purified using established ion exchange
techniques for ultra-trace samples.*44>

The details of the FIB particle analysis depended on the relative
actinide concentrations in the cube. For FIB cubes with
relatively higher actinide concentrations (ca. 8 or more ng total
U), the sample was split in half. One half of the sample was
traced with 242Pu, 233U, and 23Am and purified for U, Pu, and
Am. The other half of the sample was left untraced and purified
for additional isotopic measurements. For FIB cubes with lower
actinide contents, the samples were treated as a single aliquot,
traced with 244Pu, 233U, 243Am, purified, and analyzed by mass
spectrometry.

Mass Spectrometry Results

The Neptune Plus used for analyses in this study is equipped
with an array of Faraday and ion counting detectors specifically
configured and optimized for actinide analyses.*® This
configuration allows for the simultaneous collection of all
isotopes of the elements of interest at a wide range of
concentrations, while also monitoring for potential
interferences. Mass and detector biases were calculated using
a sample-standard bracketing technique with appropriate, well-

Journal of Analytical Atomic Spectrometry

calibrated standards for each element. With each set of
analyses, matrix-matched and isotopically appropriate QC
standards were included and treated as unknowns. All QC
standards were within uncertainty of their respective certificate
values confirming the accuracy of the technique.

Previous studies have described techniques for removing, or
mathematically accounting for, interfering species in ultra-trace
analyses of actinides through combinations of background
measurements, increased mass resolution, and reaction
chamber MS/MS techniques.*®>° Due to the small sizes of the
samples in this study, these techniques were not applicable;
however, recognizing the importance of ensuring interference
free measurements, detailed mass scans were taken of all
samples prior to data acquisition to confirm adequate chemical
purification had occurred.

The multi-ion-counting and enhanced ionization techniques
developed for this study allow for the measurement of sub-
picogram, and in one case sub-femtogram, quantities of Pu
isotopes while maintaining the accuracy and precision
necessary for investigating the isotopic variability present in the
reactor. These are among the smallest aliquots of Pu measured
by ICP-MS, and represent a significant advancement in
measurement capabilities for ultra-trace actinides, particularly
in association with corresponding U and Am analyses.

Fuel samples and isotopic results

To evaluate the ability of our new methods to quantify spatial
variations in isotopic composition in the reactor fuel, large
particle samples were obtained at different axial and radial
locations in an archived spent fuel rod (I-334) from the Belgian
BR3 PWR reactor. The samples were cut as cubes of dimensions
10 x 10 x 10 pm or 20 x 20 x 20 um using a FIB.

The samples were obtained from 4 different locations along the
length of the fuel rod. A schematic of the sampling is shown in
Figure 1. The fuel rod was 1 meter in length, and samples were
taken at positions 1, 2, 3, and 4, which were 0.05, 0.22, 0.51,
and 0.98 meters from the top of the fuel rod, respectively.
Position 3 is near the center of the rod, and positions 1 and 4
are near the ends of the fuel rod. Figure 1 shows the sampling
locations overlaid with a gross gamma scan along the axis of the
fuel rod which was taken inside the hot cell at INL. The gross
gamma activity is highest near the center of the fuel rod,
indicating a higher degree of burnup in this region.

The FIB samples were also taken from several different radial
locations. The fuel rod has a radius of 3900 um, and FIB particles
were cut at locations near the center, near the edge or rim, and
at intermediate positions of the fuel rod (Figure 2). Table 1
provides a list of sample IDs and locations; the first number of
the sample ID corresponds to the axial sampling location, while
the letters represent different radial positions. Table 3 shows
the measured U content for each of the samples. Samples
containing less than 1ng U likely represent cases where the FIB
particle may have partially broken during handling and
transportation (see Supporting Information). It is worth noting
that despite the fact that much of the sample may have been
lost, in some cases where a “complete” sample was measured
next to a “partial” sample (e.g., 1-C3 and 1-C4), the isotopic and



oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

intra-element values are consistent between the two samples.
This demonstrates the strength of this technique across a range
of sample concentrations, yielding consistent and accurate
results even when only a small fraction of the material
remained.

Isotopic composition as a function of axial position

The actinide isotopic analyses indicate major differences in the
extent of burnup that depend on the axial position in the fuel
rod. The differences in burnup revealed by the actinide analyses
mirror the gross gamma spectrum of the fuel rod (Figure 3),
with central position 3 showing a much higher burnup than the
terminal positions 1 and 4, and position 2 at an intermediate
level. The difference in burnup is perhaps most evident in the
240py /239py ratio, which is considerably higher in position 3C
(0.329(1)) than either position 2C (0.145(4)) or position 4C
(0.131(1)). The trend is also evidenced in 23°U/238U ratios which
decrease as the amount of burnup increases from position 1C
(0.0663(2)) to 2C (0.04530(3)) to the center 3C (0.0407(1)).
Figures 4 and 5 show plots of the uranium isotope ratios
overlaid with the gross gamma scan. The results of the uranium,
plutonium, and americium analyses are shown in Tables 3, 4,
and 5 respectively. Inter-element actinide ratios, another
indicator of degree of burnup, are shown in Table 6.
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Table 3 - Uranium measurements of large particle samples cut from the BR3 fuel rod 1-334

Sample ID Axial Radial 28 (ng per 234 /238y 235 /238y 26| /238
Sampling location (um sample)
position from edge)
1-A1" 1 200 13.2(1) 0.000436(2) 0.05456(25) 0.00546(3)
1-A2 1 200 16.20(2) 0.000546(1) 0.06385(6) 0.00567(3)
1-B 1 400 17.23(2) 0.000541(1) 0.06556(8) 0.00578(3)
1-c1 1 3000 0.138(6) 0.000443(80) 0.0543(4) 0.00417(35)
1-C2 1 3000 0.227(2) 0.000564(17) 0.06622(36) 0.00483(6)
1-C3 1 3000 147(4) 0.000564(3) 0.06630(23) 0.00517(3)
1-C4 1 3000 0.895(3) 0.000553(4) 0.06656(21) 0.00514(2)
2-A 2 5 10.31(2) 0.000553(2) 0.03949(3) 0.01038(1)
2-B 2 40 9.28(2) 0.000514(2) 0.03823(3) 0.00990(1)
2-C 2 1781 10.57(2) 0.000490(2) 0.04530(3) 0.00880(1)
3-A 3 36 11.00(2) 0.000522(1) 0.03255(10) 0.01146(6)
3-B" 3 101 0.135(1) 0.000461(6) 0.02811(10) 0.00916(4)
3-C 3 3755 10.03(1) 0.000498(1) 0.04073(11) 0.00980(7)
4-Al 4 190 15.22(11) 0.000541(4) 0.06534(32) 0.00555(3)
4-A2 4 190 0.797(3) 0.000557(4) 0.06314(25) 0.00537(2)
4-8 4 900 18.25(2) 0.000554(1) 0.06715(6) 0.00535(4)
4-C1 4 3003 11.59(7) 0.000523(4) 0.06818(34) 0.00473(3)
4-c2 4 3173 170.3(6) 0.000550(4) 0.06884(34) 0.00470(3)
4-C3 4 3173 129.4(2) 0.000566(1) 0.06939(4) 0.00475(2)

*The samples 1-Al, 1-C1, and 3-B have isotopic compositions outside that expected for these types of samples, and two of which are the smallest samples analyzed
during this project. It is likely that given the small amount of U in these samples, that they represent mixing between the sample and natural uranium introduced from
the copper and aluminum sample holder. In the case of positions 1-A1 and 1-C1, duplicate FIB samples (with much higher sample sizes) demonstrate that these small
samples do indeed represent mixed analyses. Sample 1-A1, while having a total U content similar to many others in this study, has an isotopic composition inconsistent

with other adjacent (1-A2) and nearby (1-B) samples and likely represents a sample contaminated with natural uranium.
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Table 4 - Plutonium measurements of large particle samples cut from the BR3 fuel rod I1-334
Sample ID Axial sampling Radial location 23%py (pg per 240py /239py 241py /239py* 242py [239py 238py /239py *
position (um from edge) sample)

1-A1 1 200 51.9(19) 0.1594(58) 0.0104(12) 0.0048(9)

1-A2 1 200 59.6(31) 0.1586(7) 0.0088(3) 0.0053(2)

1-B 1 400 55.6(32) 0.1572(8) 0.0085(3) 0.0052(2)

1-C1 1 3000 0.40(6) 0.1447(82) 0.0084(14) 0.0048(14)

1-C2 1 3000 0.75(3) 0.137(12) 0.0071(29) 0.0049(26)

1-c3 1 3000 462(13) 0.1447(36) 0.0085(7) 0.0036(4) 0.00402(4)
1-C4 1 3000 2.90(4) 0.1451(27) 0.0089(7) 0.0037(3)

2-A 2 5 289(11) 0.2999(56) 0.0325(20) 0.0446(13)

2-B 2 40 173(4) 0.3029(36) 0.0319(4) 0.0431(6)

2-C 2 1781 64.7(27) 0.2775(49) 0.0231(11) 0.0252(9)

3-A 3 36 158.8(35) 0.3536(13) 0.0351(13) 0.0716(7)

3-B 3 101 1.06(2) 0.3492(49) 0.0396(17) 0.0656(25)

3-C 3 3755 44.1(10) 0.3289(13) 0.0239(9) 0.0369(5)
4-Al 4 190 75.7(19) 0.1535(40) 0.0095(3) 0.0043(2)
4-A2 4 190 7.24(9) 0.1540(23) 0.0101(4) 0.0045(3)

4-B 4 900 62.0(36) 0.1464(7) 0.0076(3) 0.0041(2)
4-C1 4 3003 33.1(7) 0.1335(35) 0.0074(3) 0.0028(2)
4-C2 4 3173 446(7) 0.1312(29) 0.0073(2) 0.0027(1) 0.0034(1)
4-C3 4 3173 383(25) 0.1308(5) 0.0063(2) 0.0029(1)

*Measurement reference date: 9/2/2016
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Table 5 - Americium measurements of large particle samples cut from the BR3 fuel rod 1-334 and 24'Pu-?*!Am chronometer model age values

Sample ID Axial sampling Radial location (um 241Am (pg per 23Am/*1Am 241py—241Am model
position from edge) sample) age (years)*
1-A1 1 200 2.44(4) 35.8(24)
1-A2 1 200 3.21(5) 42.0(9)
1-B 1 400 2.82(5) 41.5(9)
1-C1 1 3000 0.014(2) 34.2(46)
1-C2 1 3000 0.026(2) 37.3(88)
1-C3 1 3000 18.3(3) 0.0040(1) 36.5(18)
1-C4 1 3000 0.146(2) 40.9(17)
2-A 2 5 32.2(3) 0.0287(2) 33.2(14)
2-B 2 40 18.8(2) 0.0284(2) 33.1(5)
2-C 2 1781 5.38(6) 0.0212(4) 34.0(11)
3-A 3 36 28.7(4) 38.8(9)
3-B 3 101 0.206(3) 38.3(10)
3-C 3 3755 6.02(9) 40.7(9)
4-A1 4 190 3.25(7) 36.0(8)
4-A2 4 190 0.49(1) 44.2(9)
4-8 4 900 2.48(4) 39.3(10)
4-c1 4 3003 1.16(3) 36.9(11)
4-C2 4 3173 14.9(3) 0.0031(1) 36.2(8)
4-C3 4 3173 12.8(2) 39.3(10)
*Age reference date: 9/2/2016
Rim effect

Table 6 - Measured actinide ratios of large particle samples cut from the BR3 fuel rod I-
334

Sample Axial Radial total Pu: total Am:
ID sampling location (um total U total Pu
position from edge)

1-A1 1 200 0.0043(2) 0.040(2)
1-A2 1 200 0.004(2) 0.046(3)
1-B 1 400 0.0035(2) 0.043(3)
1-C1 1 3000 0.0019(3) 0.030(6)
1-C2 1 3000 0.0059(3) 0.030(2)
1-C3 1 3000 0.0034(1) 0.034(1)
1-C4 1 3000 0.00349(5) 0.043(1)
2-A 2 5 0.037(1) 0.082(3)
2-B 2 40 0.0244(6) 0.080(2)
2-C 2 1781 0.0077(3) 0.064(3)
3-A 3 36 0.0201(4) 0.123(3)
3-B 3 101 0.011(2) 0.133(3)
3-C 3 3755 0.0058(1) 0.098(3)
4-Al 4 190 0.0054(1) 0.037(1)
4-A2 4 190 0.0099(1) 0.058(1)
4-B 4 900 0.0037(2) 0.034(2)
4-c1 4 3003 0.003(1) 0.030(1)
4-C2 4 3173 0.00278(4) 0.029(1)
4-C3 4 3173 0.0031(2) 0.029(2)

Reactor models predict a sharp increase in the extent of burnup
approaching the rim of a fuel rod due to greater neutron
moderation in this area.'® 161 However, there is a limited
amount of experimental analytical data with fine spatial
resolution near the edges fuel pellets.* The methods developed
as part of this work can measure actinide isotopic and inter-
element ratios with micron-level resolution, providing a
window into the rim effect in the spent BR3 fuel rod 1-334.

The BR3 particle samples clearly demonstrate the rim effect.
Uranium, plutonium, and americium analyses reveal significant
increases in burnup near the rim of the rod across all axial
positions. For example, in axial position 3 the measured
240py/239py ratio increased from 0.329(1) at the center to
0.354(1) at a position 36 um from the edge (Figure 6). Likewise,
the 23°U/?38U ratio decreased from 0.0407(1) at the center to
0.0326(1) at 36 um from the edge due to fission and neutron
capture reactions of 23°U. Also for axial position 3, the actinide
inter-element Pu:U ratio increased upon moving from the
center to the rim (Figure 6). Figure 7 shows related trends in
240py/239py and Pu:U ratios as a function of distance from the
edge for axial position 4; all four axial positions exhibit similar
isotopic trends arising from the rim effect.

When all sampled positions are considered, all metrics are
consistent with variable burnup both axially and radially. Figure
8 shows a three isotope plot of 23°U/238U versus 236U/238U; the
measured ratios for the FIB particle samples fall on a line. This
consistent trend in the uranium isotopic ratios reveals that as
the burnup in the reactor fuel increases, the 23°U/238U ratio
decreases and the 236U/238U ratio increases. The 240pu/?3°Pu
ratio for each sample is shown in color scale and parallels the
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trends observed for the uranium isotope ratios, with higher
240py /239py ratios accompanying samples with higher 236U/238U
and lower 235U/238U ratios.

Consistent trends are also observed for the 240Pu/23°pu,
241py /239py, and 242Pu/?3°Pu atom ratios. Figure 9 shows a three
isotope plot of 24°Pu/?3°Pu versus 2*1Pu/?3°Pu; the trend shows
that the observed 24'Pu/?3°Pu ratio increases with increasing
240py /239py. The minor isotope 242Pu mirrors this trend, with the
measured 2#2Pu/?3°Pu ratio increasing as the degree of burnup
in the fuel increases. The 242Pu/?3°Pu ratio is shown in color scale
in Figure 9 and correlates strongly with the 24°Pu/?3°Pu and
241py/239pPy ratios.

The observed isotopic and inter-element trends in reactor
burnup are entirely consistent with those expected as a
function of position in the fuel rod. However, such complete
isotopic information is rarely derived from the analysis of
particle samples. This work highlights the potential to gain
detailed isotopic information by applying isotope dilution mass
spectrometry techniques to large single particle samples.

Americium chronometry

A significant advantage of the methods developed in this work
is that by using isotope dilution and chemical purification, 242Am
and 2*Pu can be quantified in particle samples. 2*’Am is
chemically separated from its isobar 24!Pu and measurements
of both analytes can be used to calculate the age of the samples,
which reflects the cooling time of the reactor fuel.31-32 The ages
of Pu particles have previously been described using SIMS°! and
ICP-MS,%2 however those studies made use of the Pu-U
chronometers and/or focused on analyses of standards which
are expected to yield less complicated separation and analysis
conditions than spent fuel. Additionally, in previous studies Pu
was a major component rather than at trace levels in a larger
matrix.

The analysis of the BR3 FIB samples demonstrates that accurate
ages can be obtained for single particle samples of complicated
chemical composition. Using measured 24Pu and 2*Am values,
model ages for the BR3 FIB particles were calculated as shown
in equation 1 and Table 5.

In l—lé L_ﬂl
N A
11_12

where N; =241Pu and N, = 24 Am.

I 1=

The average age for the nineteen FIB samples was 37.8(3.1)
years, corresponding to a date of 11/14/1978 (Figure 10). This
calculated age is entirely consistent with the known period of
operation for cores 4A and 4B of the BR3 reactor. Both cores
had rod 1-334 in them, and operated from 7/15/1976 to
4/15/1978 and from 6/22/1979 to 9/26/1980, respectively.
Because 2*'Pu decays with a relatively short half-life (14.3
years), and the reactor was operated for multiple years, the age
calculated for the samples represents a convolution of time
since the first irradiation and time since the last irradiation

(cooling time). It is thus expected that the calculated age dates
back to roughly an average of the operating lifespan of this rod.

Conclusions

This paper describes the development and application of
scaled-down methods for the analysis of single particles of
nuclear fuel using chemical purification and isotope dilution
mass spectrometry. Nineteen individual particles cut from a
spent fuel rod from the Belgian BR3 reactor were analyzed for
U, Pu, and Am isotopic compositions and inter-element ratios.
The isotope dilution techniques are able to accurately resolve
differences in axial and radial burnup in the spent fuel rod. In
addition, 24'Pu-?**Am chronometry performed on the particles
generated model ages that were consistent with the known
operating history of the BR3 reactor. This represents the first
time that the 24'Pu-**!Am chronometer has been applied to
“real-world” single particle samples.

Studies in recent years have made use of FIB cut samples of
nuclear fuel for investigating fine-scale microstructures and
isotopic heterogeneity of fuel starting material.>3>¢ However,
the techniques used in these studies do not provide high-
precision inter- or intra-element ratios needed to calculate
precise ages or detailed reactor histories.

Spatially controlled samples of spent nuclear reactor fuel
provide the opportunity to investigate the heterogeneity of
burnup and reaction throughout the operation of a reactor. The
level of information provided from this type of analysis will
allow for a higher understanding and increased fidelity in
reactor model simulations as results like this are incorporated
into multi-dimensional reactor simulations. Future studies
incorporating the high-precision isotopic and quantitative
elemental ratio techniques described here, along with high-
fidelity reactor modeling will yield invaluable information for
nuclear safeguards and materials understanding.
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Figure 1 - Gross gamma scan of fuel rod |-334 from the BR3 reactor. The axial sampling
positions 1, 2, 3, and 4 are superimposed on the scan. Sharp negative peaks in the gamma
20 scan indicate small gaps between individual fuel pellets within the overall rod. An
21 autoradiograph image of fuel rod 1-334 is shown at the bottom of the plot.
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Figure 2 - SEM image of FIB fuel particle cutting near the rim of the BR3 fuel rod at axial
position 2. Large and small squares are the initial outlines of multiple 20 x 20 x 20 um
and 10 x 10 x 10 um cubes respectively. There is a small band of dark epoxy between the
cladding and the fuel; this was added during sample processing.
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Figure 4 - Measured 35U/?38U ratios at the different axial sampling positions in the
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